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Abstract  
In situ Electro-Chemical Scanning Tunneling Microscopy (ECSTM) and Electron Back-Scatter Diffraction 
analysis of the same local microstructural region were combined to study the relationships between grain boundary 
(GB) type and structure and passivation on microcrystalline copper in 0.1 M NaOH aqueous solution. The results 
show that, for high angle random boundaries, passivation in the Cu(I) oxidation range is characterized by a 
decrease of the depth of GB edge region due to the formation of a passive film locally thicker than on the adjacent 
grains and thus to anodic oxidation being locally less efficient since it consumes more copper at the grain 
boundaries. For 3 CSL boundaries, the Cu(I) passivation efficiency was observed to be dependent on the local 
structure of the boundaries. A transition from more to less efficient passivation was observed for a deviation angle 
of 0.4-0.5° of the {111} GB plane with respect to the perfect geometry of an ideal coherent twin boundary. This 
transition would result from the effect on the local anodic oxidation properties of an increased density of misfit 
dislocations accommodating the increased deviation of the boundary plane from the exact CSL plane. 
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1. Introduction 
Intergranular corrosion is a major form of localized corrosion limiting the durability of 
polycrystalline metallic materials. In aggressive environment, the corrosive attack of the grain 
boundary (GB) network is first initiated at the topmost surface and then can penetrate and 
propagate in the sub-surface, leading to degradation of the microstructure. The resistance to 
intergranular corrosion can be improved by GB engineering that aims at designing and 
producing polycrystalline materials, including micro and nanocrystalline metals, with the most 
resistive GB network. This requires a good knowledge of the relationships between GB type 
and structure and corrosion resistance that is most often developed by performing micrographic 
and microscopic characterizations of GB engineered materials submitted to intergranular sub-
surface penetrating attack [1-21]. From such studies, coherent twin boundaries are considered 
as most resistant to intergranular corrosion [3,14]. Coherent twin boundaries are CSL 
(Coincidence Site Lattice) boundaries with a {111}-oriented GB plane and of 3 index, 
meaning that 1/3 of the lattice sites in the GB plane coincide with the lattice sites of the two 
grains. Among the low  CSL boundaries, only the 3 boundaries and partially the Σ9 
boundaries have been reported to better resist to intergranular corrosion [6,9,12,14,16]. Higher 
 CSL boundaries and random boundaries, that cannot be described by a coincidence site 
lattice, are high angle boundaries that do not resist intergranular sub-surface attack [2,6,8,11-
14,16]. 
The relationships between the local structure at the surface termination of the grains boundaries 
and the resistance in the initial stages of intergranular corrosion, i.e. before penetration and 
propagation in the sub-surface region, have been much less studied. This is due to the difficulty 
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of applying analytical methods sensitive to the electrochemically-induced local alterations of 
the topmost surface. Recently, ECSTM (Electro-Chemical Scanning Tunneling Microscopy) 
has been applied to microcrystalline copper to investigate in situ the local corrosion resistance 
at the surface termination of grain boundaries in metals [22-26]. It was found that dissolution 
in the active state, i.e. in the absence of formation of a passive film, did not occur at the GB 
edges assigned to coherent twin boundaries whereas it did at GB edges assigned to other CSL 
boundaries or to random boundaries in the same conditions of early corrosive attack [22]. Very 
recently, a deeper insight into the GB behavior in the very first stages of active dissolution was 
brought using an innovative approach combining analysis of the same local microstructural 
region by ECSTM and EBSD (Electron Back-Scatter Diffraction) [26]. Random high angle 
boundaries as well as 9 CSL boundaries were found susceptible to the initiation of 
intergranular corrosion in conditions where quantities not exceeding a few equivalent 
monolayers of material were dissolving. For the 3 CSL boundaries the behavior was found 
dependent on the deviation angle of the GB plane from the exact {111} orientation with a 
transition from resistance to susceptibility occurring between 1° and 1.7° of deviation. 
ECSTM was also applied on microcrystalline copper to investigate the local passivation 
properties at the surface termination of grains boundaries and their relation with the GB type 
[24,25]. The passive film formed in the Cu(I) passivation region was found to be thicker at 
grain boundaries than on grains and a thicker Cu(I) passive film was observed at GB edges 
assigned to random grain boundaries than at GB edges assigned to coherent twins [25]. No 
metal was observed to be preferentially consumed at GB edges by transient dissolution during 
Cu(I) passivation. However, the relationship between local passivation behavior and GB 
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structure could not be investigated in further detail because of the lack of detailed 
characterization of the GB crystallographic parameters at the local sites where passivation could 
be analyzed at the nanoscale by ECSTM. 
Here, we report further insight into the comprehensive knowledge of the GB structure-
dependent passivation behavior of metals. The study was performed on microcrystalline copper 
passivated in the anodic oxidation range where a single Cu(I)2O oxide film is formed, as shown 
by ex situ [27-32] and in situ [33-41] surface analysis. The innovative approach combining 
ECSTM and EBSD analysis of the same local microstructural area including various types of 
grain boundaries was applied. To our knowledge, this study is the first combining in situ 
characterization of the local passivation-induced topographic alterations of GB edges with local 
microstructural characterization of the same GB sites. 
2. Experimental 
Starting from high-purity cast electrolytic tough pitch (ETP-) copper, the microcrystalline 
samples were produced by cycles of cryogenic rolling and recrystallization annealing [19,22-
26,42,43]. Annealing was performed at 200 °C for 1 min in order to limit the grain size and to 
preserve a GB density suitable for the STM field of view [22,23]. EBSD revealed a nearly 
random texture of the grains with a ∑3 CSL boundaries length fraction of 66%. The remaining 
34% corresponded to random boundaries for the most part [22,23]. Surface preparation was 
performed by mechanical polishing with diamond spray down to a final grade of 0.25 μm. The 
cold work layer was removed by electrochemical polishing in 66% orthophosphoric acid at 3 V 
for 15 s versus a copper counter electrode. 
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An Agilent Technologies 4500 system comprising PicoSPM base, STM S scanner, PicoScan 
2100 controller, PicoStat bi-potentiostat and Picoscan software was used for ECSTM analysis 
[44-48]. The ECSTM cell exposed a working electrode area of 0.16 cm2 and had two Pt wires 
serving as counter electrode and pseudo reference electrode, the latter being calibrated versus 
the standard hydrogen electrode (V/SHE). Tips were produced from tungsten rods of 0.25 mm 
diameter, electrochemically etched and coated with Apiezon wax for electrochemical insulation 
in the ECSTM cell. A 0.1 M NaOH(aq) aqueous solution was used as electrolyte. It was 
prepared from ultrapure NaOH and Millipore water (resistivity > 18 MΩ cm).  
After exposure to the electrolyte at open circuit potential (-0.03 V/SHE), the samples were 
submitted to a voltammetry treatment in order to remove the air-formed native oxide and 
produce an oxide-free metallic state to start with. The potential was cycled at a sweep rate of 
0.02 V s-1 down to -1.10 V/SHE, at the onset of hydrogen evolution, and backward to the value 
of -0.60 V/SHE. This treatment was repeated until the cyclic voltammograms (CVs) showed 
no cathodic peak associated with the reduction of Cu(I) to Cu(0). Two cycles were enough to 
fully reduce the air-formed native oxide. 
The microcrystalline copper surface was then imaged in the metallic state at -0.60 V/SHE in 
order to include a relevant microstructure in the STM field of view and to localize GB edges of 
interest. Afterwards, passivation was forced by sweeping (0.005 V s-1) the potential up to -
0.10 V/SHE in the Cu(I) passivation range. During the sweep, the tip was kept engaged but did 
not scan the surface so as to keep the very same local area of interest in the STM field of view. 
Images of the surface in the Cu(I) passive state were then taken at -0.10 V/SHE. Next, the 
passive oxide film was reduced by cycling the potential (0.02 V/s) down to -1.10 V/SHE and 
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upward to -0.6 V/SHE. For this treatment also, the tip was kept engaged without scanning the 
surface so as to keep the measurement localized in the very same local area of interest. Images 
of the surface in the reduced metallic state were then taken at -0.60 V/SHE. All ECSTM images 
of the surface in the initial metallic, passive and reduced states were acquired in the constant 
current mode. No filtering was used and the recorded images were processed with the 
Gwyddion software [49]. In addition to the potential damages to the tip that are inherent to STM 
measurements, tip alterations could also be induced by the passivation/reduction 
electrochemical treatments of the surface and were observed in some of the experiments thus 
limiting the success of obtaining complete series of images of the same local area of interest of 
the surface in the metallic, passivated and reduced surface state. However, comparative analysis 
of the data for series of images successfully acquired showed reproducible behavior of the 
variations of topography measured in the grain boundary regions. 
EBSD analysis of the microstructural area of interest analyzed by ECSTM required very precise 
repositioning of the analyzed area. The repositioning was achieved thanks to micro marks made 
on the sample surface using the tip as a nano indenter after recording the last STM image. The 
applied procedure is described in detail elsewhere [26]. A digital scanning electron microscope 
Ultra55 from ZEISS (FEG-SEM) located at LISE (Laboratoire Interfaces et Systèmes 
Electrochimiques, CNRS –Université Pierre et Marie Curie) was used for EBSD analysis. The 
micro marks on the sample surface were first located with SE (secondary electron) images 
obtained at an accelerating voltage of 20 kV, a nominal beam size of 10 nm and a measured 
beam current of 1.5 nA. EBSD analysis was then performed on areas of about 30 × 30 µm2 
including the micro marks. A minimum step size of 0.1 µm was used for acquisition in order to 
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optimize the post-processing for the crystallographic characterization of the grain boundaries, 
including at the local sites where line profile analysis has been performed by STM. The OIM® 
software was used for processing the EBSD data. 
3. Results and discussion 
3.1. Macroscopic electrochemical behavior  
Figure 1 shows a CV characterizing the macroscopic electrochemical behavior of 
microcrystalline copper in 0.1 M NaOH(aq). It was recorded in the ECSTM cell after reduction 
of the air-formed native oxide between the onset of hydrogen evolution and the Cu(I) passive 
range. The anodic AI peak is characteristic for the formation of a Cu(I) oxide layer and the 
cathodic CI peak for its decomposition to Cu(0) metallic copper [27-41].  
Analysis of the charge density transfer was performed for the anodic and reverse cathodic 
reactions by integrating the current density measured above and below the drawn baseline, 
respectively. The measured charge densities for the anodic and cathodic reactions were 
𝑞𝐴𝐼 = 1870±10 µ𝐶 cm-2 and 𝑞𝐶𝐼 = 1710±10 µ𝐶 cm-2, respectively, showing a partially 
reversible behavior assigned to the irreversible reaction of copper dissolution occurring during 
anodic polarization. The equivalent thickness of irreversibly dissolved copper (𝛿𝐶𝑢(𝐼𝑅)) can be 
calculated using Eq. (1) where 𝑞 is the electric charge density associated to the reaction 
(𝑞 = 𝑞𝐴𝐼 − 𝑞𝐶𝐼), 𝑉𝑀 the molar volume of the reacting material, 𝑧 the number of exchanged 
electrons, and 𝐹 the Faraday’s constant.  
𝛿 =
𝑞𝑉𝑚
𝑧𝐹
          Eq. (1) 
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One obtains a value of 0.12±0.01 nm of copper (𝑉𝑀
𝐶𝑢 = 7.1 cm3 mol-1, 𝑧 = 1) being irreversibly 
dissolved during Cu(I) passivation. This low value amounts to about 0.6 equivalent monolayer 
(ML) of copper (one (111)-oriented ML of copper is 0.208 nm thick from the bulk fcc structure). 
Using Eq. (1), the equivalent thickness of the passive oxide film (𝛿𝑃𝑎𝑠𝑠) can be calculated from 
the electric charge density of the reduction peak (𝑞 = 𝑞𝐶𝐼). Assuming the formation of a 
Cu(I)2O oxide film (𝑉𝑀
𝐶𝑢2𝑂 = 23.9 cm3/mol, 𝑧 = 2 for the reduction of 2 Cu(I)), the value of 
2.12±0.01 nm is obtained is in agreement with previous data reported for the Cu(I) passive 
oxide film formed by cyclic voltammetry [25,27,28,37]. 
3.2. Passivation at grain boundaries 
A local area of copper where the microstructure was first imaged in situ by ECSTM at the 
topmost surface and then mapped by EBSD after sample transfer and repositioning of the 
analysis is shown in Figure 2. The EBSD maps show the micro mark made with the STM tip 
and used to localize the STM field of view (marked by squares). The EBSD IPF map (Figure 
2(b)) shows that the STM field of view includes nine grains labelled G1 to G9. They have 
different crystallographic orientations except for the smaller grains G5, G6 and G8. The 
presence of three sub-grains labelled SGA to SGC is also evidenced in grain G2. The SGA and 
SGB sub-grains have the same crystallographic orientation, different from that of the matrix 
grain G2. The SGC sub-grain is also differently oriented from the matrix grain G2 and has the 
same orientation as grain G3. 
In the ECSTM image (Figure 2(a)), the surface level for the sub-grains SGA to SGC is 
systematically measured to be lower than the one of the matrix grain G2, like previously 
observed [26]. This suggests faster pre-etching of the sub-grains during surface preparation by 
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electrochemical polishing. It is also observed that the grain G3, of same orientation as the sub-
grain SGC, has a lower topographic surface level than the surrounding grains G1, G2, G8, G9 
but not G4, which is also indicative of faster pre-etching during surface preparation. 
The EBSD IQ map (Figure 2(c)) enables us to identify the type of grain boundaries included in 
the STM field of view. According to this IQ mapping analysis, the boundaries at the G1/G2, 
G1/G3, G1/G8, G5/G6, G3/G4, G4/G7 and G2/G7 interfaces would be of random type while 
all others would be grain boundaries of CSL type. Among the CSL boundaries, the boundary 
at the G8/G9 interface would be 9 and those at the G2/G3, G4/G5, G4/G6 and G4/G8 
interfaces would be 3 boundaries. All boundaries delimiting the three sub-grains SGA to SGC 
from the matrix grain G2 would also be 3 boundaries. 
In the ECSTM image of the topmost surface (Figure 2(a)), the grain boundary regions can be 
identified by the topography variations between the adjacent grains. Like previously reported 
[22,24-26], line profile analysis revealed that the GB regions could be characterized by the 
presence of a topographic gap at the interface between the adjacent grains. The sites labelled 
from 1 to 16 correspond to the local sites where the depth of the topographic gaps, and thus of 
the GB regions, could be measured in the initial metallic state, in the passive state and in the 
reduced metallic state. It should be noted that for several boundaries, the line profile measured 
between the adjacent grains did not reveal a gap sufficiently deep to ensure a reliable 
measurement of the depth of the GB region and its variation after electrochemical treatment. 
Such shallow gaps were observed for the random boundaries at the G1/G2, G1/G3, G1/G8, 
G5/G6, G3/G4, G4/G7 and G2/G7 interfaces and for the CSL boundaries at the G2/G3 and 
G4/G5 interfaces. Their observation can be assigned to the large difference of topographic level 
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between the adjacent grains masking, at least partially, the topography of the GB edge resolved 
by the STM tip. Insufficient preferential pre-etching during the electrochemical polishing pre-
treatment could also explain their presence. 
Like previously reported [24-26], the depth of the GB region was measured from line profiles 
obtained by averaging 30 adjacent line scans drawn across the GB edge, covering a local 
distance of ~170 nm along the boundary. The results obtained for the surface in the initial 
metallic state, in the passive state and in the reduced metallic state are presented in Figure 3. A 
first examination reveals 3 types of behaviors according to the variation of the depth of the GB 
region after passivation (Table 1): an increased depth observed in sites 4, 12, 14-16, a decreased 
depth observed in sites 1-3, 6, 9-11, or an unchanged depth observed in sites 5, 7, 8, 13. An 
increase of the depth of the GB region can be assigned to the formation of a passive film locally 
thinner than on the adjacent grains. In the grain boundaries showing this behaviour, passivation 
would be more efficient since locally consuming less copper than the adjacent grains to form 
the passive oxide. Inversely, a decrease of the depth of the GB region can be assigned to the 
formation of a passive film locally thicker and thus to a less efficient passivation consuming 
more copper than on the adjacent grains by anodic oxidation. The absence of variation of the 
depth of the GB region in the passive state implies that the passive film is locally as thick as on 
the adjacent grains and thus that passivation is equally efficient. In nearly all cases the depth 
measured after reduction of the passive film is identical, within the uncertainty of the 
measurement, to that measured prior to passivation, indicating a reversible reaction at the GB 
edges. 
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Let us now discuss the results for the different grain boundaries observed in Figure 2 and start 
with the grain boundaries delimiting the sub-grains SGA and SGB from grain G2. These 
boundaries are all of 3 CSL type according to the EBSD IQ map. We observe a similar 
behaviour characterized by an increase of the GB depth in the passive state at sites 12 and 14 
(delimiting sub-grain SGA) and at sites 15 and 16 (delimiting sub-grain SGB). However, at site 
13, corresponding to another grain boundary delimiting the sub-grain SGA, no significant 
variation is observed. In all cases, the GB depth variation is reversible after reduction of the 
passive film. 
The grain boundary measured at sites 2 to 6 along the G4/G8 interface is also of 3 CSL type 
according to the EBSD IQ map. It shows a varying behaviour since, at sites 2, 3 and 6, a 
significant decrease of the GB depth is measured after passivation whereas a very small increase 
or no variation are measured at sites 4 and 5, respectively. The depth variations measured along 
this boundary are either reversible (site 2 and 5) or irreversible (sites 3, 4 and 6) after reduction 
of the passive film. The  CSL boundary measured at sites 7 to 11 along the G4/G6 interface 
also shows a varying behaviour since a significant decrease of the GB depth is measured at sites 
9 to 11 but not at sites 7 and 8. After reduction of the passive film, the observed depth variations 
are reversible. For the boundary measured at site 1 across the G8/G9 interface and of 9 CSL 
type according to the EBSD IQ map, the depth decrease is the largest observed after passivation 
and the change is reversible after reduction of the passive film. 
Thus, for grain boundaries that are classified of the same  CSL type by the EBSD IQ mapping 
analysis, the efficiency of the passivation varies as revealed by ECSTM analysis of the 
increased, decreased or unchanged depths of the GB regions. Clearly these results suggest that 
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although of the same  CSL type, the local GB structure may vary between different boundaries 
and also along the same boundary, modifying the local reactivity towards passivation similarly 
to what was observed in the initial stages of active dissolution [26]. 
3.3. Effect of GB local structure 
In order to better rationalize the effect of the GB structure, the EBSD analysis was refined. At 
each local site where line profile analysis of the ECSTM data was performed, the misorientation 
angle 𝜃 and the deviation angle 𝜑 of the boundary with respect to the ideal coherent GB 
geometry were extracted. The results are compiled in Table 1.  
At sites 1 and 2, the local EBSD analysis did not yield values of the misorientation angle 
consistent with a well-defined  CSL type, meaning that the GB local structure is of random 
type. This local random type of the structure of the boundary can thus be used to explain the 
locally lower efficiency for passivation and thus higher reactivity of the boundary. This result 
is consistent with the higher reactivity (i.e. susceptibility) of random type boundaries observed 
in the initial stages of active dissolution [26] and in later stages of sub-surface penetrating attack 
[2,6,8,11-14,16]. Thus, random type high angle boundaries are susceptible to intergranular 
attack in the absence of the passive film and are not efficiently self-protected by passivation. 
At sites 3 to 16, all boundaries can be classified as  CSL type in agreement with the EBSD 
IQ mapping analysis. The Brandon [50] and Palumbo-Aust criteria [51] define ranges of 
tolerance of the misorientation angle outside of which the boundary can no longer be considered 
as a specific  CSL. For the 3 misorientation, these ranges are 60±8.67° and 60±6°, 
respectively. For the sites 3 to 16, these criteria are respected and the GB structure is locally a 
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 CSL one. Thus, the variations of the passivation behaviors measured at these sites are 
hereafter discussed based on the deviation angle of the GB plane, i.e. in terms of coherent vs. 
incoherent local structure of the boundary. 
Along the G4/G8 interface (sites 2 to 6), the largest deviation ( = 1°) with respect to the perfect 
 CSL geometry ( = 0°) is observed at site 6, which would explain the higher reactivity of 
the site and thus its lower efficiency to passivate and the formation of a locally thicker passive 
film. At sites 3 to 5, the deviation with respect to the perfect geometry is lower ( = 0.4-0.5°), 
which would imply a lower reactivity of the sites and thus their better efficiency to passivate as 
indicated by the observed variability of the depth variations of the GB region. 
Along the G4/G6 interface (sites 7 to 11), the local deviation of the boundary with respect to 
the perfect geometry is 0.5° at the most. This also implies a lower reactivity and a better 
efficiency to passivate than at site 6, which is indeed observed at sites 7 and 8 ( = 0.3°) where 
no variation of the depth of the GB region is observed. At sites 9 to 11 for which the local 
deviation is higher ( = 0.4-0.5°), a higher reactivity and thus lower efficiency to passivate is 
measured as indicated by the decrease of the depth of the GB region. One can notice in Figure 
2 that, in this region, the GB edge presents a kinked morphology indicative of the accumulation 
of misfit dislocations in the GB plane, and contributing to its deviation from the perfect 
geometry. 
At the SGA/G2 (site 12 to 16) interfaces, the local deviation of the boundary with respect to the 
perfect geometry is 0.3° at the most. Note that such low values of the deviation angle  are 
indicative of nearly perfect coherent twins, which is also suggested by the presence of parallel 
GB edges at the surface (Figure 2). The lower deviated local structure of these coherent twins 
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implies a lower reactivity and increased efficiency to passivate which is confirmed by the 
observed variations of the GB depth measured at sites 12 to 16, where the passive film was 
measured to be thinner than on the adjacent grains in most cases. 
In our previous study of active dissolution of microcrystalline copper [26], the transition from 
resistance to susceptibility to the initiation of the intergranular attack of 3 CSL boundaries 
was observed for a deviation angle  of 1.0-1.7°. This value was concluded to correspond to 
the transition from resistive coherent twins to susceptible incoherent twins in the absence of 
formation of a passive film. The transition was explained by the presence of misfit dislocations 
(i.e. steps) accommodating the deviation of the boundary plane from the exact CSL plane and 
by the increased density of step regions introduced in the boundary plane with increasing 
deviation [26]. The present data obtained for copper passivation by formation of a Cu(I) oxide 
film show a transition from more efficient to less efficient passivation for a deviation angle  
of 0.4-0.5°. This implies that the effect of the presence of an increasing density misfit 
dislocations (i.e. steps) in the boundary plane is more detrimental for the efficiency to passivate 
than for the resistance to dissolve. 
4. Conclusions 
The relationship between grain boundary type and structure and passivation efficiency was 
studied for the first time by combining ECSTM and EBSD analysis of the same microstructural 
area. The study was performed on microcrystalline copper in 0.1 M NaOH(aq) aqueous 
solution. The in situ ECSTM data show that passivation by anodic oxidation in the Cu(I) range 
is characterized in most cases by a decrease of the depth of GB edge region due to the formation 
of a passive film locally thicker than on the adjacent grains and thus to anodic oxidation being 
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locally less efficient since consuming more copper at the grain boundaries. Cu(I) passivation is 
less efficient at the edges of high angle random boundaries as compared 3 CSL boundaries. 
Coupling ECSTM and EBSD enabled us to address the effect of the GB fine structure on the 
passivation properties. For 3 CSL boundaries, a transition from more efficient to less efficient 
passivation  was observed for a deviation angle  of 0.4-0.5° of the {111} GB plane with respect 
to the perfect geometry of an ideal coherent twin boundary. For lower values of the deviation 
angle, the GB edges would be less reactive and passivate more efficiently than adjacent grains 
whereas for higher values the local behaviour can be either identical to that of the adjacent 
grains or similar to that of random boundaries. This transition would result from the presence 
of misfit dislocations (i.e. steps) accommodating the deviation of the boundary plane from the 
exact CSL plane and from the effect of an increased density of steps introduced in the boundary 
plane with increasing deviation on the local anodic oxidation properties. 
Acknowledgments 
This project has received funding from the European Research Council (ERC) under the 
European Union’s Horizon 2020 research and innovation programme (ERC Advanced Grant 
No 741123, Corrosion Initiation Mechanisms at the Nanometric and Atomic Scale, CIMNAS).  
References 
[1] J. Mieluch, M. Smialowski, The Behaviour of Grain Boundaries in Iron During Anodic 
Polarization in Ammonium Nitrate Solution, Corros. Sci. 4 (1964) 237−243.  
                                                 
 16 
                                                                                                                                                        
[2] P. Lin, G. Palumbo, U. Erb, K.T. Aust, Influence of Grain Boundary Character 
Distribution on Sensitization and Intergranular Corrosion of Alloy 600, Scripta 
Metallurgica et Materiala 33 (1995) 1387-1392. 
[3] A. Vinogradov, T. Mimaki, S. Hashimoto, R.Z. Valiev, On the Corrosion Behaviour of 
Ultra-Fine Grain Copper, Scr. Mater. 41 (1999) 316-326.  
[4] L. Lu, M.L. Sui , K. Lu, Superplastic Extensibility of Nanocrystalline Copper at Room 
Temperature, Science 287 (2000) 1463-1466.  
[5] V.Y. Gerrtsman, S.M. Gruemer, Study of Grain Boundary Character Along Intergranular 
Stress Corrosion Crack Paths in Austenitic Alloys, Acta Mater. 49 (2001) 1589–1598. 
[6] S.H. Kim, U. Erb, K.T. Aust, G. Palumbo, Grain Boundary Character Distribution and 
Intergranular Corrosion Behavior in High Purity Aluminum, Scr. Mater. 44 (2001) 835–
839. 
[7] H. Miyamoto, K. Yoshimura, T. Mimaki, M. Yamashita, Behavior of Intergranular 
Corrosion of 〈0 1 1〉 Tilt Grain Boundaries of Pure Copper Bicrystals, Corros. Sci. 44 
(2002) 1835-1846. Acta Materialia 50 (2002) 2331–2341. 
[8] M. Shimada, H. Kokawa, Z.J. Wang, Y.S. Sato, I. Karibe, Optimization of grain boundary 
character distribution for intergranular corrosion resistant 304 stainless steel by 
twininduced grain boundary engineering, Acta Materialia 50 (2002) 2331–2341. 
[9] E.M. Lehockey, A.M. Brennenstuhl, I. Thompson, On the relationship between grain 
boundary connectivity, coincident site lattice boundaries, and intergranular stress corrosion 
cracking, Corros. Sci. 46 (2004) 2383-2404. 
 17 
                                                                                                                                                        
[10] V. Randle, 'Special' Boundaries and Grain Boundary Plane Engineering, Scr. Mater. 54 
(2006) 1011–1015. 
[11] S. Xia, B. Zhou, W. Chen, Effect of single-step strain and annealing on grain boundary 
character distribution and intergranular corrosion in Alloy 690, J Mater Sci 43 (2008) 
2990–3000 
[12] K. D. Ralston, N. Birbilis, Effect of Grain Size on Corrosion: A Review, Corrosion 66 
(2010) 075005-075005-13. 
[13] R. Jones, V. Randle, Sensitisation behaviour of grain boundary engineered austenitic 
stainless steel, Materials Science and Engineering A 527 (2010) 4275–4280. 
[14] CL Changliang, S.Xi, H. Li, TG. Liu, BX. Zhou, WJ. Chen, N. Wang, Ning, Improving 
the intergranular corrosion resistance of 304 stainless steel by grain boundary network control, 
Corros. Sci. 53 (2011) 1880-1886. 
[15] C. Luo, X. Zhou, G.E. Thompson, A.E. Hughes, Observations of intergranular corrosion 
in AA2024-T351: The influence of grain stored energy, Corros. Sci. 61 (2012) 35-44. 
[16] Sunil Kumar B., Balla Sai Prasad, Vivekanand Kain, Jayanth Reddy, Methods for making 
alloy 600 resistant to sensitization and intergranular corrosion, Corros. Sci. 70 (2013) 55-61. 
[17] Y. Takehara, H. Fujiwara, H Miyamoto, "Special" to "general" transition of intergranular 
corrosion in Sigma 3{111} grain boundary with gradually changed misorientation, Corros. 
Sci. 77 (2013) 171-175. 
[18] A. Stratulat, J.A. Duff, T.J. Marrow, T. James, Grain boundary structure and intergranular 
stress corrosion crack initiation in high temperature water of a thermally sensitised austenitic 
stainless steel, observed in situ, Corros. Sci. 85 (2014) 428-435. 
 18 
                                                                                                                                                        
[19] E. Martinez-Lombardia, Y. Gonzalez-Garcia, L. Lapeire, I. De Graeve, K. Verbeken, L. 
Kestens, J. Mol, H. Terryn, Scanning Electrochemical Microscopy to Study the Effect of 
Crystallographic Orientation on the Electrochemical Activity of Pure Copper, 
Electrochim. Acta 116 (2014) 89−96. 
[20] B.V. Mahesh, R.K. Singh Raman, Role of Nanostructure in Electrochemical Corrosion 
and High Temperature Oxidation: A Review, Metall. Mater. Trans. A 45A (2014) 5799-
5822.  
[21] N. Srinivasan, V. Kain, N. Birbilis, K.V. Mani Krishna, S. Shekhawat, I. Samajdar, Near 
boundary gradient zone and sensitization control in austenitic stainless steel, Corros. Sci. 100 
(2015) 544-555. 
[22] E. Martinez-Lombardia, L. Lapeire, V. Maurice, I. De Graeve, K. Verbeken, L.H. Klein, 
L. Kestens, P. Marcus, H. Terryn, In Situ Scanning Tunneling Microscopy Study of the 
Intergranular Corrosion of Copper, Electrochem. Comm. 41 (2014) 1-4.  
[23] E. Martinez-Lombardia, V. Maurice, L. Lapeire, I. De Graeve, K. Verbeken, L.H. Klein, 
L. Kestens, P. Marcus, H. Terryn, In Situ Scanning Tunneling Microscopy Study of 
Grain-Dependent Corrosion on Microcrystalline Copper., J. Phys. Chem. C 118 (2014) 
25421−25428. 
[24] H. Chen, V. Maurice, L.H. Klein, L. Lapeire, K. Verbeken, H. Terryn, P. Marcus, Grain 
Boundary Passivation Studied by In Situ Scanning Tunneling Microscopy on 
Microcrystalline Copper, J. Solid State Electrochem. 19 (2015) 3501-3509. 
 19 
                                                                                                                                                        
[25] H. Chen, M. Bettayeb, V. Maurice, L.H. Klein, L. Lapeire, K. Verbeken, H. Terryn, P. 
Marcus, Local passivation of metals at grain boundaries: In situ scanning tunneling 
microscopy study on copper, Corros. Sci. 111 (2016) 659–666. 
[26] M. Bettayeb, V. Maurice, L.H. Klein, L. Lapeire, K. Verbeken, H. Terryn, P. Marcus, 
Nanoscale Intergranular Corrosion and Relation With Grain Boundary Character as 
Studied In Situ on Copper, J. Electrochem. Soc. 165 (2018) C835-C841. 
[27] H.-H. Strehblow, B. Titze, The Investigation of the Passive Behaviour of Copper in 
Weakly Acid and Alkaline Solutions and the Examination of the Passive Film by Esca and 
ISS, Electrochim Acta 25 (1980) 839-850.  
[28] U. Sander, H.-H. Strehblow, J.K.Dohrmann, In Situ Photoacoustic Spectroscopy of Thin 
Oxide Layers on Metal Electrodes. Copper in Alkaline Solution J. Phys. Chem. 85 (1981) 
447-450. 
[29] W. Kautek, J.G. Gordon, XPS Studies of Anodic Surface Films on Copper Electrodes. J. 
Electrochem. Soc. 137 (1990) 2672-2677. 
[30] B. Millet, C. Fiaud, C. Hinnen, E.M.M. Sutter, A Correlation Between Electrochemical 
Behaviour, Composition and Semiconducting Properties of Naturally Grown Oxide Films 
on Copper, Corros Sci 37 (1995) 1903-1918. 
[31] Y. Feng, K.S. Siow, W.K.Teo, K.L.TanL, A.K Hsieh, Corrosion Mechanisms and 
Products of Copper in Aqueous Solutions at Various pH Values, Corrosion 53 (1997) 389-
398. 
 20 
                                                                                                                                                        
[32] C.A. Melendres, G.A. Bowmaker, J.-M. Leger, B.J. Beden, In-situ synchrotron far 
infrared spectroscopy of surface films on a copper electrode in aqueous solutions, J. 
Electroana. Chem. 449 (1998) 215-218.  
[33] M.R.G. De Chialvo, R.C. Salvarezza, A. Arvia, The Mechanism of Oxidation of Copper 
in Alkaline Solutions, J. Appl. Electrochem. 14 (1984) 165-175.  
[34] S.T. Mayer, R.H. Muller, An In Situ Raman Spectroscopy Study of the Anodic Oxidation 
of Copper in Alkaline Media, J. Electrochem. Soc. 139 (1992) 426-434.  
[35] H.Y.H. Chan, C.G. Takoudis, M.J. Weaver, Oxide Film Formation and Oxygen 
Adsorption on Copper in Aqueous Media As Probed by Surface-Enhanced Raman 
Spectroscopy, J. Phys. Chem. B 103 (1999) 357-365. 
[36] V. Maurice, H.-H. Strehblow, P. Marcus, In Situ STM Study of the Initial Stages of 
Oxidation of Cu(111) in Aqueous Solution, Surf. Sci. 458 (2000) 185–194.  
[37] J. Kunze, V. Maurice, L.H. Klein, H.-H. Strehblow, P. Marcus, In Situ Scanning 
Tunneling Microscopy Study of the Anodic Oxidation of Cu(111) in 0.1M NaOH, J. Phys. 
Chem. B 105 (2001) 4263-4269. 
[38] H.-H. Strehblow, V. Maurice, P. Marcus, Initial and Later Stages of Anodic Oxide 
Formation on Cu, Chemical Aspects, Structure and Electronic Properties, Electrochim. 
Acta 46 (2001) 3755-3766. 
[39] J. Kunze, V. Maurice, L.H. Klein, H.-H. Strehblow, P. Marcus, In Situ STM Study of the 
Effect of Chlorides on the Initial Stages of Anodic Oxidation of Cu(111) in Alkaline 
Solutions, Electrochim. Acta 48 (2003) 1157-1167.  
 21 
                                                                                                                                                        
[40] J. Kunze, V. Maurice, L.H. Klein, H.-H. Strehblow, P. Marcus, In Situ STM Study of the 
Anodic Oxidation of Cu(001) in 0.1 M NaOH, J. Electroanal. Chem. 554-555 (2003) 113-
125. 
[41] J. Kunze, V. Maurice, L.H. Klein, H.-H. Strehblow, P. Marcus, In Situ STM Study of the 
Duplex Passive Films Formed on Cu(111) and Cu(001) in 0.1 M NaOH, Corros. Sci 
46 (2004) 245-264. 
[42] L. Lapeire, E. Martinez Lombardia, K. Verbeken, I. De Graeve, L. Kestens, H. Terryn, 
Effect of Neighboring Grains on the Microscopic Corrosion Behavior of a Grain in 
Polycrystalline Copper, Corros. Sci. 67 (2013) 179−183. 
[43] L. Lapeire, E. Martinez Lombardia, K. Verbeken, I. De Graeve, L. Kestens, H. Terryn,  
Structural Dependence of Gold Deposition by Nanoplating in Polycrystalline Copper, J. 
Mater. Sci. 49 (2014) 3909-3916. 
[44] D. Zuili, V. Maurice, P. Marcus, Surface Structure of Nickel in Acid Solution Studied by 
In Situ STM, J. Electrochem. Soc. 147 (2000) 1393-1400. 
[45] A. Seyeux, V. Maurice, L. H. Klein, P. Marcus, In Situ STM Study of the Initial Stages 
of Growth and of the Structure of the Passive Film on Ni(111) in 1 mM NaOH(aq), J. 
Solid State Electrochem. 9 (2005) 337-346. 
[46] A. Seyeux, V. Maurice, L. H. Klein, P. Marcus, In Situ STM Study of the Effect of 
Chloride on the Growth Mechanism and Structure of the Passive Film on Nickel in 
Alkaline Solution. J. Electrochem. Soc. 153 (2006) B453-463. 
 22 
                                                                                                                                                        
[47] V. Maurice, L. H. Klein, H.-H. Strehblow, P. Marcus, In situ STM Study of the Surface 
Structure, Dissolution and Early Stages of Electrochemical Oxidation of the Ag(111) 
Electrode, J. Phys. Chem. C 111 (2007) 16351-16361. 
[48] N. Li, V. Maurice, L. H. Klein, P. Marcus, Structure and Morphology Modifications of 
Silver Surface in the Early Stages of Sulphide Growth in Alkaline Solution, J. Phys. 
Chem. C 116 (2012) 7062-7072. 
[49] Gwyddion – Free SPM (AFM, SNOM/NSOM, STM, MFM …) data analysis software. 
http://gwyddion.net/ 
[50] D.G. Brandon, The structure of high-angle grain boundaries, Acta Metall. 14 (1966) 
1479-1484.  
[51] G. Palumbo, K.T. Aust, Acta Metall, 38 (1990) 2343-2352.  
 23 
Table 
Table 1 Grain boundary crystallographic characteristics as measured by EBSD at the sites 
marked in Figure 2 and variation of the depth of the GB region and efficiency of Cu(I) 
passivation behavior with respect to adjacent grains as measured by ECSTM.  
Site GB 
type 
GB 
misorientation 
angle 𝜃 (°)  
Deviation 
angle 𝜑 
(°)  
Variation of 
GB depth 
Passivation 
efficiency 
1 R ----- ----- ↓ – 
2 R ----- ----- ↓ – 
3 ∑3 59.8 0.4 ↓ – 
4 ∑3 59.7 0.4 ↑ + 
5 ∑3 59.5 0.5 ≈  ≈ 
6 ∑3 59.6 1 ↓ – 
7 ∑3 60 0.3 ≈  ≈ 
8 ∑3 59.9 0.3 ≈  ≈ 
9 ∑3 59.4 0.5 ↓ – 
10 ∑3 59.6 0.4 ↓  – 
11 ∑3 59.8 0.4 ↓  – 
12 ∑3 60 0.3 ↑  + 
13 ∑3 60 0.1 ≈  ≈ 
14 ∑3 60 0.2 ↑  + 
15 ∑3 60 0.3 ↑  + 
16 ∑3 60 0.3 ↑  + 
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Figure captions 
Figure 1 Cyclic voltammogram recorded in the ECSTM cell for microcrystalline copper in 
0.1 M NaOH(aq), scan rate = 20 mV/s.  
Figure 2 Local microstructure of polycrystalline copper imaged in situ by ECSTM and then 
mapped by EBSD after repositioning in the same area: (a) Topographic ECSTM image of the 
metallic state at E = -0.6 V/SHE in 0.1 M NaOH(aq) (Z range ΔZ = 15 nm, tip potential Etip = 
-0.9 V/SHE, tunneling current It = 1.5 nA); (b) EBSD inverse pole figure (IPF) map; (c) EBSD 
image quality (IQ) map. In (a) and (b), grains are labelled G1 to G9 and sub-grains SGA to 
SGC. The local GB sites selected for depth profile analysis are indexed 1 to 16. In (b) and (c), 
the squares mark the field of view analyzed by STM.  
Figure 3 Bar graph of the depth measured across the grain boundaries at the sites # 1 to 16 in 
Figure 2(a) in the initial metallic state at E = -0.6 V/SHE, in the passive state at E = -0.1 V/SHE 
and in the final metallic state at E = -0.6 V/SHE after reduction of the passive film. The symbols 
↓, ↑ and ≈ denote a lower, higher or equivalent local passivation efficiency, respectively, as 
deduced from the variations of the GB depth after passivation. 
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